Different morphologies of -Fe 2 O 3 films including particles, porous, granular and nanosheets have been prepared by directly oxidizing the as-deposited Fe films in air. The effects of the heating temperature, duration time and the rate of heating have been systematically studied. By adjusting the rapidly oxidation conditions, one can easily control the morphology of -Fe 2 O 3 films from clusters of particles to porous films, and finally to granular films. In addition, through the oxidation process at the low heating rate, -Fe 2 O 3 nanosheets can be easily fabricated on the Si substrate.
Introduction
As one of the most important transition metal oxides with a bandgap of 2.2 eV, hematite (-Fe 2 O 3 ) have received extensive attention due to its good intrinsic physical and chemical properties, such as its low cost, stability under ambient conditions, environmentally friendly properties and etc. 1) Due to these properties, -Fe 2 O 3 nanostructures can have wide applications in many fields including magnetic recording materials, catalysis, optical devices, gas sensors, photochemical and pigments. [1] [2] [3] [4] [5] [6] Moreover, it has been found that the morphology of nanomaterials have an important effect on their properties 7) and it is expected that tailoring the external morphology of nanocrystals would endow them with unique properties. [8] [9] [10] So, the design and synthesis ofFe 2 O 3 nanomaterials with different morphologies is still a great challenge in materials science.
Recently, various methods have been adopted to fabricate -Fe 2 O 3 nanomaterials, such as the solution method, [11] [12] [13] [14] [15] the thermal oxidation approach, [16] [17] [18] and the template based methods. [19] [20] [21] [22] And, until now, many synthetic methodologies for -Fe 2 O 3 nanostructures have been reported: 0 Dimension (particles 13, 23) ), 1 Dimension (rods, 1, 2, 24, 25) wires, 17) belts, 17) tubes 24) ), 2 Dimension (plates 26, 27) and films 3) ), 3 Dimension (dendtrites, 15) flowers 28) and spheres 29) ). Among thoseFe 2 O 3 nanostructures, 2 Dimension -Fe 2 O 3 films have been widely studied by many groups. For example, orderedFe 2 O 3 nanoparticulate film has been prepared by the Langmuir-Blodgett technique and colloid chemical method, which has good sensitivity to alcohols at room temperature. 3) Si doped Fe 2 O 3 thin films synthesized through ultrasonic spray pyrolysis and chemical vapor deposition can be used as photoanodes for efficient water splitting by sunlight. 30) Mesoscopic -Fe 2 O 3 films have been made via ultrasonic spray pyrolysis. 31) So, developing effective and facile methods for the controlled synthesis of -Fe 2 O 3 films are still necessary. Herein we report a facile route for the synthesis of -Fe 2 O 3 films with controlled morphologies by rapid thermal oxidation of a thin Fe films in air. During the oxidation process, some experimental parameters, such as heating temperature, duration time and the rate of heating have greatly effects on morphology of -Fe 2 O 3 films.
Experimental Sections
Fe films ($100 nm thickness) were deposited on (100) oriented Si substrates via electron beam evaporation in a chamber with a background vacuum level on the order of 10 À5 Pa. The rapid thermal processing experiments were performed under atmospheric pressure, using a RTP-300 system with a wafer tray inside a quartz chamber. The samples were heated by top and bottom halogen tungsten lamp to a desired temperature within 500 to 900 C at a rate of 100$200 C/s, and were kept at that temperature for 5 seconds to 30 minutes, respectively. And, the synthesis ofFe 2 O 3 nanosheets were performed in a horizontal electronic resistance furnace with an alumina tube mounted inside. The inner diameter of the quartz tube is about 50 mm, and the length of it is about 80 cm. The as-obtained Fe film was put into an alumina boat and loaded into the central region of the tube. Then, the tube was heated up to 300 C at a rate of 8 C/m, maintained at the temperature for 12 h, and then cooled down to the room temperature naturally. The surface morphology and structure of the samples after thermal oxidation were examined by scanning electron microscopy (SEM,a FEI Quanta 200 FEG SEM working at 20 kV) and Raman spectrometer and X-Ray Diffractometer (XRD), respectively. Figure 1 is the SEM image of the Fe film with the thickness of 100 nm, which shows that the surface of the Fe film is very smooth. Then, the Fe 2 O 3 films are prepared by directly oxidizing the as-deposited Fe film. During this oxidation process, it is found that some experimental parameters, such as heating temperature and duration time, and the rate of heating, play an important role in synthesizing -Fe 2 O 3 films with controlled morphologies.
Results and Discussions
In order to understand the influence of the heating temperature and duration time on the formation of the Fe 2 O 3 films, we oxidize the Fe film via the rapid oxidation processing at 500 C, 600 C, 700 C, 800 C, 900 C for different time, respectively. First, Fig. 2(a)-(b) shows the surface morphology of the film after rapidly oxidation at 500 C for 5 s, 15 s, and 15 min, respectively. From Fig. 2(a) , it can be seen that nanoparticles have existed on the Si substrate after oxidizing only for 5 s. With the duration time at 500 C increasing to 15 s, more and more particles have appeared on the Si substrate, demonstrated in Fig. 2(b) . Figure 2(c) is the SEM image of the surface after oxidizing at 500 C for 5 min, showing that the film is consisted of clusters of nanoparticles. Then, the heating temperature is increased to 600 C and the corresponding SEM observations are displayed in Fig. 2 Figure 2(d) is the SEM image of the surface after heating at 600 C for 5 s. Compared with the samples obtained heating at 500 C for 5 s, it can be found that clusters of nanoparticles have obtained after oxidizing Fe film at 500 C for only 5 s. After oxidation for only 30 seconds, see Fig. 1(e) , the vivid porous nanostructures have completely formed on the Si substrate and the nanowalls forming the porous film are perpendicular to the Si substrate. And, Fig. 1 (f) also shows that after heating for 5 minutes, the porous structures also exist on its surface. Further, Fig. 1(g)-1(i) demonstrate the SEM images of the surface morphology of the film after oxidation at 700 C. Figure 1 (g) displays that after oxidation at 700 C for a very short time (only 5 s), the porous nanostructures have formed on the Si wafer, which is similar with the samples prepared at 600 C for 30 s. After oxidation at 700 C for 30 s, it can be observed that the surface of the film still looks like porous structures. However, when the duration time at 700 C extends to 5 min, granular film is finally formed on the Si substrate, see Fig. 1(i) . Then, further rising the oxidation temperature to 800 C, the corresponding SEM images are shown in Fig. 1(j)-1(k) . Figure 1 (j) displays that after heating at 800 C for only 5 s, the film became a little flat though the porous nanostructure still remained. While, extending the duration time at this temperature for 1 min, the granular film has finally existed on the Si wafer. Finally, from Fig. 1(l) , we can see that oxidizing at 900 C for only 5 s, the surface of film is granular.
Based on these careful SEM observations, it can be concluded that the evolution of the Fe 2 O 3 nanostructured films as a function of temperature and time. With the duration time at the certain heating temperature extending, the surface morphology of the film changes gradually from clusters of nanoparticles to porous and finally to granular films. With the oxidation temperature increasing from 500 to 900 C, less time is needed for finally forming granular film.
The structure of the above films of iron oxides was analyzed by Raman spectroscopy. The spectra were taken with a Reinshaw Raman spectrometer using a 514 nm Ar þ laser as the excitation source. The peaks appearing in the spectra at 225, 245, 291, 410, 495, 611, 1318 cm À1 are corresponding to the characteristic peaks of -Fe 2 O 3 , i.e., the peaks located at 225 and 495 cm À1 corresponds to A 1g mode and the four peaks at about 245, 291, 410 and 611 cm À1 are attributed to the E g mode.
32) The peak at 520 cm À1 in the spectra is the optical phonon mode excited from the Si substrate. It should be noted that the peak at 663 cm À1 is typical of Fe 3 O 4 . 33) Figure 3(a) is the Raman spectra of Fe films oxidized at 500 C for 5 s, 15 s and 5 min, respectively. The Raman spectra of the films after oxidizing at 500 C for 5 s and 15 s still exist the peak at 663 cm À1 , showing that the chemical composition of the films obtained at this experimental conditions are -Fe 2 O 3 and Fe 3 O 4 . However, after increasing duration time at 500 C to 5 min, the films obtained by rapid thermal oxidation is -Fe 2 O 3 . And, Fig. 3(b) is the Raman spectrum of the films after oxidizing at 600 C for 5 s, which is similar with that other samples obtained by rapid thermal oxidation at 600-900 C. In this Raman spectrum, there exists no peak of Fe 3 O 4 . So, the films obtained by rapid thermal oxidation at higher temperature (600-900 C) areFe 2 O 3 . Furthermore, the XRD patterns of these oxidized films obtained at higher temperature are similar, just as shown in Fig. 4 . From this image, it also can be seen that these films are composed of only -Fe 2 O 3 . C for the times of (g) 5 s, (h) 15 s, (i) 5 min; 800 C for the times of (j) 5 s, (k) 5 min; 900 C for the times of (l) 5 s.
We also have studied the oxidation process of Fe films via a horizontal electronic resistance furnace at a slow heating rate for 10 C/min. And, it is found that the heating rate has a crucial effect on the synthesizing the Fe 2 O 3 films with different morphologies. Figure 5(a) is the SEM image of the as-prepared samples obtained by heating at 300 C for 30 min, displaying that not particles, porous or granular films but nanosheets have been prepared on the Si substrate. C for 4 h, 8 h and 12 h, respectively. From these images, it can be seen that with the heating time increasing at 300 C, more and more nanosheets have existed on the Si wafer. And, the high-magnification SEM image (the inset in Fig. 5(d) ) clearly reveals that the length of the nanosheet is about 1 mm with a sharp tip. Figure 6 is the Raman spectrum of the as-prepared nanosheets, displaying that the nanosheets are -Fe 2 O 3 . Fe 3 O 4 peak that are visible in Fig. 6 are probably due to the incomplete oxidization process. C, respectively. 34) Although, the melting point of micron-sized Fe grains could be as low as 650 C, which is much lower than its bulk form, 35) the Fe vapor pressure is still probably very low at the low temperature of our syntheses (only 300 C). So, the growth of -Fe 2 O 3 nanosheets is not probably guided by vapor-liquid-solid and vapor-solid mechanism. The -Fe 2 O 3 whiskers grow from the tip not extrusion from the oxidized substrate. The growth process may occur by diffusion of iron atoms from the base to the tip of the nanowires where they react with oxygen from mixture gases. 36) The growing mechanism of theFe 2 O 3 may be a diffusion process. 37) As for rapid thermal process, not nanosheets but particles exist on the Si substrates, probably because there are not enough time for the nanosheets to form in a short time. These oxidizing processes is still not very clear, more work should be done on this field.
Conclusion
Generally, we have synthesized -Fe 2 O 3 films with different morphologies by the oxidizing process. The morphologies of the films can be easily controlled by varying the heating temperature, duration time and the rate of heating. That is, via the rapid thermal process, by adjusting the oxidation conditions, one can easily control the morphology of -Fe 2 O 3 films from clusters of particles to porous films, and finally to granular films. In addition, Fe 2 O 3 nanosheets can be easily synthesized only at 300 C by oxidizing Fe films via a low heating rate. The synthesis of -Fe 2 O 3 porous films and nanosheets may have potential applications in many fields such as photocatalysts and gas sensors.
